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(57) ABSTRACT

A method of determining the velocity of relative displace-
ment between a substrate and an image sensor, for example
the velocity of displacement of a page relative to a scanner,
involves imaging a reference pattern on the substrate, using
the image sensor, while the relative displacement occurs
between the substrate and the image sensor. The reference
pattern includes plural crossing points marked at predeter-
mined locations on the substrate, each crossing point formed
of'a first line portion crossing a second line portion. Locations
in the image that correspond to the crossing points are com-
pared to the predetermined locations on the substrate and the
velocity of the relative displacement between the image sen-
sor and the substrate is determined using relationships
between the predetermined locations and the detected loca-
tions in the generated image.

16 Claims, 11 Drawing Sheets
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VELOCITY ESTIMATION METHODS, AND
IMAGING DEVICES AND PRINTING
DEVICES USING THE METHODS

BACKGROUND

In various applications, imaging devices are arranged to
generate images of markings (letters, symbols, graphics, pho-
tographs, and so on) that they detect on a substrate while
relative motion occurs between the substrate and a sensing
unit in the imaging device. For instance, some printing
devices include an optical scanner to scan the images that
have been printed and this scanning is performed, for
example, for quality assurance purposes and/or for the pur-
pose of diagnosing defects or malfunctions affecting compo-
nents of the printing device. In some cases the substrate is
transported past a stationary sensing unit of the imaging
device so that an image can be generated of the markings on
the whole of the substrate (or on a selected portion of the
substrate), and in some other cases the substrate is stationary
and the sensing unit of the imaging device is transported
relative to the substrate. The sensing unit may take any con-
venient form, for example it may employ TDI (time delay
integration) devices, charge-coupled devices, contact image
sensors, cameras, and so on.

In some applications a digital representation of a target
image is supplied to a printing device, the printing device
prints the target image on a substrate and then the target image
on the substrate is scanned by an imaging device included in
or associated with the printing device. The scan image gen-
erated by the imaging device may then be compared with the
original digital representation for various purposes, for
example: to detect defects in the operation of the printer, for
calibration purposes, and so on.

In some cases the imaging device has a sensing unit that
senses markings on a whole strip or line across the whole
width of the substrate at the same time, and generates a line
image representing those markings, then senses markings on
successive lines across the substrate in successive time peri-
ods: here such a sensing unit shall be referred to as an in-line
sensing unit. For example, an in-line sensing unit may include
an array of contiguous sensing elements that, in combination,
span the whole width of the substrate. A simple form of
in-line sensing device includes a one-dimensional array of
sensing elements. However, in certain technologies—for
example TDI—plural rows of sensors may be provided and
the line image may then be produced by averaging (to reduce
noise). The number of sensing elements in the array, and the
exposure time over which each sensing element/array inte-
grates its input to produce its output, may be varied depending
on the requirements of the application. A clock pulse genera-
tor may be used to synchronize the measurement timing of the
in-line sensing unit so that in each of a series of successive
periods (called either “detection periods™ or “scan periods”
below) the sensing unit generates an image of arespective line
across the substrate.

Such an imaging device may include a processor that is
arranged to process the signals output by the in-line sensing
unit to create a two-dimensional scan image of the markings
on the substrate by positioning the sensing-unit output mea-
sured at each detection time along a line at a spatial location,
in the scan image, which corresponds to the detection time
(taking into account the speed and direction of the relative
displacement between the substrate and the in-line sensing
unit). The duration of each detection period may be very
short, and the interval between successive detection periods
may also very short, so that in a brief period of time the
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imaging device can construct a scan image that appears to the
naked eye to be continuous in space (i.e. a viewer of the scan
image cannot see the constituent lines).

If the relative motion between the substrate and the in-line
sensing unit occurs at a constant linear velocity in the length-
wise direction of the substrate then the positions on the sub-
strate that are imaged by the in-line sensing unit at successive
detection times are disposed along parallel lines that are
spaced apart by equal distances in the lengthwise direction of
the substrate and the processor generates a scan image in
which the sets of points imaged in the successive detection
periods are still disposed along lines that are parallel to each
other and are spaced apart by equal distances in the length-
wise direction of the scan image.

However, in practice, even in devices that are designed to
employ constant-velocity linear relative displacement
between an image-sensing unit and a substrate (for example,
in the lengthwise direction of the substrate), the direction and
magnitude of the relative displacement tends to deviate from
the nominal settings, for example: because the substrate posi-
tion may be skewed at an angle compared to the nominal
position, because a mechanism that transports the substrate
(or the sensing device) during imaging may have defects that
produce variations in the direction and magnitude of the
motion, and so on. Thus, the magnitude and direction of the
relative motion between a substrate and an in-line sensing
unit may change between successive detection periods when
the sensing unit detects markings on the substrate. As a con-
sequence, distortion can occur between the actual markings
on the substrate and the markings as they appear in the scan
image produced by the imaging device.

Imaging devices have been proposed that implement rou-
tines to estimate what is the actual velocity of a relative
displacement that takes place between a substrate and a sens-
ing unit of the image device, at different time points during an
imaging process. Here we shall refer to the relative displace-
ment velocity as “page velocity” irrespective of the form of
the substrate (i.e. irrespective of whether the substrate takes
the form of an individual sheet or page or some other form,
e.g. a continuous or semi-continuous web), and irrespective
of which element moves during the imaging process (i.e.
irrespective of whether the substrate is transported past a
stationary sensing device, whether the sensing device is
moved past a stationary substrate, or whether the relative
motion is produced by some combined motion of the sub-
strate and sensing device). Estimation of page velocity may
involve: estimating the direction and magnitude of a rotation
in the plane of the substrate, estimating coordinates of the
rotation centre of such a rotation, and estimating the velocity
oftranslational motion (for example, estimating translational
velocity in the nominal direction of the relative displacement
between the sensing device and the page, and in a second
direction perpendicular to the first direction).

Some page velocity estimation routines employ optical
flow techniques. One step in the page velocity estimation
routine may involve determining the registration between
positions of pixels in the scan image and the positions on the
substrate that were imaged to produce the scan image data.
This step of determining the registration between the scan
image and the actual markings on the substrate may involve
processing the scan image data to determine how the patterns
ofintensities of pixels vary along different straight lines in the
scan image plane and then processing a digital representation
of the target image on the substrate so as to locate, in the
digital representation, the positions of pixels having these
same patterns of intensities. By matching the patterns of
intensities, it becomes possible to determine the relationships
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between positions of pixels in the scan image and the corre-
sponding points on the substrate which were imaged to gen-
erate those pixels. Estimates of the page velocity in transla-
tion and rotation may then be calculated using the determined
relationships.

BRIEF DESCRIPTION OF THE DRAWINGS

Page-velocity estimation methods, printing devices and
imaging devices according to some examples of the invention
will now be described, by way of illustration only, with ref-
erence to the accompanying drawings.

FIG. 1 is a schematic representation of a printing device
that can implement page-velocity estimation methods
according to examples of the invention;

FIG. 2 is a diagram illustrating how distortion can arise
between an original image and a scan image;

FIG. 3A shows a first example of a reference pattern that
may be used in a page-velocity estimation method according
to an example of the invention;

FIG. 3B shows a second example of a reference pattern that
may be used in a page-velocity estimation method according
to an example of the invention;

FIG. 3C shows a third example of a reference pattern that
may be used in a page-velocity estimation method according
to an example of the invention;

FIG. 4 is a flow diagram illustrating a page-velocity esti-
mation method according to an example of the invention;

FIG. 5 is a flow diagram illustrating an example of a cross-
ing-point detection process that may be used in the method of
FIG. 4,

FIG. 6 is a flow diagram illustrating an example of a cross-
ing-point matching process that may be used in the method of
FIG. 4,

FIG. 7 is a flow diagram illustrating an example of a pro-
cess, that may be used in the method of FIG. 4, for estimating
page velocity based on displacements between points in a
reference pattern and points in a scan image generated by
imaging the reference pattern;

FIGS. 8A and 8B are diagrams illustrating an example of a
process employed by a processor to find, on two double
grey-level images, a set of pixels having the closest grey level
to certain line coordinates;

FIG. 9 is a diagram illustrating use of bilinear interpolation
to find locations of points in a reference pattern that corre-
spond to equal scan-time lines;

FIG. 10 is a diagram illustrating smoothing of result data;
and

FIG. 11 is a schematic representation of an imaging device
that can implement page-velocity estimation methods
according to an example of the invention.

DESCRIPTION OF METHODS, PRINTING
DEVICES AND IMAGING DEVICES
ACCORDING TO EXAMPLES OF THE
INVENTION

Page velocity estimation techniques according to examples
ofthe invention will now be described with reference to FIGS.
1 to 10. The methods of these examples will be described in a
context where the methods are performed using an on-board
processor in a printer that includes an in-line scanner
arranged to scan patterns that the printer has printed on indi-
vidual pages, as the pages are transported through the printer.
However, it is to be understood that the methods of the inven-
tion may be performed in other contexts and, in particular:
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4

the invention is not limited to the case where the method is
performed in a printer or in another apparatus having a
function of printing or otherwise recording a pattern on
a substrate; the method may be performed in general in
any apparatus where an in-line sensing device performs
line-based imaging of patterns on a substrate as arelative
displacement occurs between a sensing unit of the imag-
ing device and the substrate, for example, in a scanner or
other imaging device;

the invention is not limited to use of an on-board processor;

the processor may be in a separate device that receives
various signals from the apparatus that incorporates the
sensing unit that images the substrate;

the invention is not limited to the case where the substrate

consists of individual pages or sheets; methods accord-
ing to examples of the invention may be applied irre-
spective of the form the substrate takes including but not
limited to: a sheet or page, a continuous or semi-con-
tinuous web, and so on, moreover the material from
which the substrate is formed is not particularly limited;
and

the invention is not limited to the case where the substrate

is transported relative to the sensing unit; the sensing
unit may be transported relative to the substrate, or the
relative displacement may result from motion both of the
substrate and of the sensing unit.

FIG. 1 is a schematic representation of certain components
in one example of printer 1 in which the page velocity esti-
mation method of the present example is employed. As illus-
trated in FIG. 1, the printer 1 includes a page transport mecha-
nism 3, 3' (here illustrated in a highly simplified form
consisting of two pairs of rollers) for transporting individual
pages P from a supply zone 4 through the printer 1. The
printer 1 further includes a writing module 6 for creating
markings on a page P as it is transported through a printing
zone in the printer 1. The writing module 6 may use any
convenient technology for creating markings on the page P
including but not limited to ink jet printing, laser printing,
offset printing, and so on.

In printer 1 an in-line sensing unit 8 is arranged to image
the markings on a page P after that page has been transported
through the printing zone and, thus, the sensing unit 8 can
image markings that the writing module 6 has created on a
page. However, the printer 1 can feed a page through the
printing zone without the writing module 6 creating any new
markings on that page and the sensing unit 8 then detects any
pre-existing markings that were already present on the page P
when it entered the printing zone.

In this example the in-line sensing unit 8 is a TDI unit and
includes a multi-line array of contiguous sensors each line of
sensors being positioned to image a line extending at least the
whole width of a page P. The array may include a large
number of individual sensors (e.g. of the order of thousands of
individual sensors) in the case of a large-format commercial
printing device. The signals from the different lines of sensors
are averaged to produce image data for a line of the scan
image.

The printer 1 further includes a processor 10 connected to
the transport mechanism 3, 3', to the writing module 6 and to
the sensing unit 8, via respective connections 11, 12 and 13.
The processor 10 is arranged to control operation of the
printer 1 and, in particular, to control feeding of pages
through the printer 1 by the transport mechanism 3, 3', print-
ing on pages by the writing module 6 and scanning of pages
by the sensing unit 8. The processor 10 may supply printing
data (based on a digital representation of a target image) to the
writing module 6 via the connection 12. The writing module
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6 may be arranged to create an image on the page P based on
the printing data supplied by the processor 10 but the image
actually created on the page P may depart from the target
image due to a number of factors including, for example,
defects in the writing module 6, defects in the operation of the
transport mechanism 3, 3', and so on.

The processor 10 may be connected to a control unit C
which supplies digital representations of target images to be
printed by the printer 1. The control unit C may form part of
another device including but not limited to a portable or
desktop computer, a personal digital assistant, a mobile tele-
phone, a digital camera, and so on. The processor may be
arranged to print target images based on digital representa-
tions supplied from a recording medium (not shown), e.g. a
disc, a flash memory, and so on.

In this example the processor 10 in printer 1 is configured
to perform a number of diagnostic and/or calibration func-
tions. In association with performance of such functions, the
processor 10 may be configured to compare a scan image of a
given page P with a digital representation of a target image
that was intended for printing on page P. Discrepancies
between the scan image and the target image may provide
information enabling the processor 10 to diagnose malfunc-
tions and/or defects in the operation of the printer 1 and may
allow the processor 10 to perform control to implement reme-
dial action (see below).

In this example the processor 10 is arranged to construct
the scan image based on a number of assumptions, notably,
assuming that each page P is transported through the printing
zone at a constant linear velocity in a direction D parallel to
the lengthwise direction of the page (this corresponds to the y
direction in the plane of the page). More particularly, in this
example the processor 10 is arranged to position the line
images generated by the sensing unit 8 in successive detection
periods at respective positions that are spaced apart from each
other in the y direction (in the scan image plane) by a distance
that depends on the time interval between successive detec-
tion periods and on the nominal page velocity through the
printing zone. For a given time interval between successive
detection periods, the nominal page velocity is set so that the
line images generated for successive detection periods are
positioned one pixel apart in the scan image (i.e. the nominal
page velocity is set to make a continuous scan image). For
example, if successive detection periods are Yisoo second
apart the page velocity may be set to 1600 pixels per second
so that the adjacent line images in the scan image may be
positioned 1 pixel apart in the direction of page travel (here
the y direction).

In this example, the processor 10 translates each line image
produced by the sensing unit 8 in a given detection period into
a line of pixels whose positions in the x direction in the scan
image are based on the positions of the sensors in the sensing
array.

In practice the page velocity may vary (in terms of its
magnitude and/or direction) during the transport of a page P
through the printer 1, for example due to a defect in the page
transport mechanism 3,3'. Deviation of the page velocity from
the nominal magnitude and/or direction may lead to distor-
tionin the scan image, i.e. a loss of fidelity in the reproduction
of'the markings on the imaged page, because the processor 10
constructs the scan image assuming the nominal magnitude
and direction of page velocity.

FIG. 2 illustrates an example of a case where distortion
arises in a scan image relative to the original image on a page
P imaged by the scanning unit 8 of printer 1. In the example
of FIG. 2 the original image on the page P includes dots
arranged in rows across the page width, the rows are parallel
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6

to each other and the spacing between rows is uniform. How-
ever, the page velocity varies as the page P is transported past
the sensing unit 8 of printer 1 so that the scan image does not
faithfully reproduce the positions of the dots as in the original
image. In this example, the scan image still shows rows of
dots extending across the page width but the spacing between
the rows is no longer uniform. In this example the spacing d
between dots in the same line of the scan image (i.e. dots
imaged during the same detection period) depends on the
spacing between the individual sensors in the in-line sensing
unit 8.

Scanning artefacts and noise may affect the output of the
in-line sensing unit 8, especially if a low-cost sensing unit is
employed. Accordingly, when the processor 10 seeks to com-
pare the scan image to a digital representation of the target
image that was supposed to be created on the page P it may not
be possible for the processor 10 to detect print defects accu-
rately. Furthermore, scanning artefacts and noise of this kind
cause problems if the processor 10 implements a page-veloc-
ity estimation method which includes a step of determining
the registration between pixels in the scan image and posi-
tions in the target image based on detecting in the target image
a line of pixels having the same pattern of intensities as a
given line of pixels in the scan image. In such a case, the
processor 10 may not be able to find a match in the reference
image to the pixel intensities occurring along a line in the scan
image. Further, in such a case the processor 10 may increase
the size of the region in the scan image that is used in the
estimation process but this leads to a loss in precision of the
velocity estimate.

In the present example, the printer 1 is operable in a page-
velocity estimation mode in which the processor 10 imple-
ments a page velocity estimation method that makes use of'a
reference pattern 20 to enable an estimate to be made of the
relative velocity of the page relative to the scanning unit 8
during the imaging process. The page velocity estimation
mode may be set explicitly for the printer 1, for example by a
user operating a control element (not shown), or selecting a
menu option, provided for this purpose on the printer 1.
Alternatively, the printer may be arranged to enter page veloc-
ity estimation mode in some other manner, for example auto-
matically when the printer implements a calibration method
or diagnostic method.

According to the page-velocity estimation method of this
example, a page bearing a reference pattern 20 is transported
past the in-line sensing unit 8 of the printer 1: the reference
pattern may be a pre-existing pattern that is already present on
the page P when the page enters the printing zone, or the
processor may be arranged to control the writing module 6 to
print the reference pattern 20 on a blank page based on a
digital representation of the reference pattern. In any event,
the processor 10 is supplied with a digital representation of
the reference pattern 20 used in page-velocity estimation
mode.

The in-line sensing unit 8 images the reference pattern 20
as the page is transported through the printer 1 and the pro-
cessor 10 is arranged to produce an estimate of page velocity
by processing image data generated by the sensing unit 8 and
a digital representation of the reference pattern that was
imaged to produce the image data. The reference pattern may
be a grid pattern 20a as illustrated in FIG. 3A, formed by
plural lines that extend parallel to the page length direction
and intersect plural lines extending in the page width direc-
tion, the intersecting lines being perpendicular to each other.
Other forms of reference pattern may be used, as discussed
below.
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FIG. 4 is a flow diagram illustrating steps in one example of
page-velocity estimation method according to the invention.
In step S401 of the method, the processor 10 generates a scan
image of'the reference pattern imaged by the sensing unit 8. In
step S402 of the method the processor 10 implements pro-
cessing of the scan image data to detect positions of crossing
points in the scan image, that is, the positions in the scan
image plane of points where perpendicular lines intersect. In
step S403 of the method, the processor 10 implements pro-
cessing to match specific crossing points that have been
detected in the scan image to crossing points in a digital
representation of the reference pattern. In step S404 of the
method, the processor 10 performs processing to determine
relationships between positions of given crossing points in
the scan image and the positions of matched crossing points in
the reference pattern. Step S404 amounts to determining the
registration between pixels in the scan image and the points
on the page bearing the reference pattern that were imaged to
generate these pixels in the scan image. In step S405 of the
method, the processor 10 implements processing to deter-
mine the page velocity using the relationships/registration
information generated in step S404.

According to this example, page velocity is estimated in a
method which involves determining the registration between
pixels in the scan image and points on the imaged substrate by
finding points in the scan image where perpendicular lines
cross each other and matching the locations of these detected
crossing points to positions of crossing points in a reference
image. Crossing points of this kind have characteristic fea-
tures and it is possible to find the locations of such crossing
points in the scan image accurately even in cases where the
scan image is produced by a low-cost scanner having a rela-
tively low signal-to-noise ratio. Accordingly, the page-veloc-
ity estimation method of this example produces accurate page
velocity estimates even when low-cost scanning units are
used to produce the scan image, thus enabling more reliable
page transportation estimation, scanner calibration and image
registration.

The reference pattern 20q illustrated in FIG. 3A includes
crossing points 25a at positions where perpendicular lines
cross each other in a regular, two-dimensional, rectilinear
grid. However, the present example method is not limited to
the case where the gridlines of the reference pattern define
square cells: they may define rectangular cells (although this
may limit the rotational angle that can be detected). Further-
more, the reference pattern does not have to include crossing
points that connect to each other to form a grid. Thus, as
illustrated in the example of FIG. 3B, the present method may
employ a reference pattern 205 comprising plural crosses
25b, each cross 255 being formed by a pair of perpendicular
line portions that intersect each other.

The reference patterns 20a and 205 illustrated in FIGS. 3A
and 3B include crossing points 25a, 255 formed from perpen-
dicular lines that extend in the lengthwise and widthwise
directions of the page, respectively. However, the present
example method is not limited to the case where the perpen-
dicular lines extend in the lengthwise and widthwise direction
of'the page. Thus, as illustrated in the example of FIG. 3C, the
present method may employ a reference pattern 20c¢ in which
the crossing points 25¢ are formed from perpendicular lines
that are oriented at an angle relative to the lengthwise and
widthwise directions of the page.

Reference patterns using other dispositions of crossing
points may also be used in the present example page-velocity
estimation method, provided that such reference patterns
include plural crossing points each formed of intersecting
perpendicular lines.
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It is possible to apply certain methods according to the
invention using a reference pattern 20 whose size is not as
large as the size of the pages that are usually handled by the
printing device 1. However, the accuracy of the page-velocity
estimates obtained using such a reference pattern may not be
as good as page velocity estimates obtained using larger
reference patterns. When the reference pattern is at least as
large as the pages that are usually handled by the printing
device 1 there is an increased likelihood that an accurate
assessment will be made of the relationship between the
reference pattern and the scan image (bearing in mind that this
relationship may be described by a polynomial function of
unknown order).

Methods according to examples of the invention may
employ different reference patterns having crossing points
formed from line portions of different sizes and/or having
crossing points that are spaced relatively closer or further
apart from each other. When the reference pattern includes
numerous crossing points spaced close to one another this
tends to improve the accuracy of detection of deviations of the
page velocity from the nominal value. When the component
elements in the reference pattern are physically small it is
possible to include a relatively large number of these compo-
nents in a small space. Crossing points can be formed small in
the reference pattern and yet they are highly detectible: a
cross pattern gives high measurement accuracy (in the direc-
tions corresponding to the constituent line portions) as a
function of the dimensions of those line portions.

The maximum permissible distance between crossing
points in the reference pattern depends on the nominal page
velocity and the period of time over which it is desired to
detect velocity changes. The minimum permissible distance
between crossing points in the reference patterns may be set
based on the size of convolution kernels that may be used for
detection of crossing points in a scan image of the reference
pattern produced by the sensing unit (see below). In an
example of the method wherein nominal page velocity was
1600 pixels per second it was found that the accuracy of the
page velocity estimates improved when both the lengths of
the line portions corresponding to the convolution kernels and
the minimum spacing between neighbouring crossing points
in the reference pattern were 50 pixels or greater.

One example of a method the processor 10 may implement
to perform step S402 of FIG. 4 to determine the locations, in
the scan image, of places where perpendicular lines cross
each other will now be described. An overview ofthe example
method will be given before discussing steps therein with
reference to the flow diagram of FIG. 5.

In this example method for determining locations of cross-
ing points the processor 10 first computes convolution prod-
ucts. More particularly, the processor 10 computes a given
convolution product by first convolving the scan image with a
first kernel (that corresponds to a first straight line portion) to
produce a first convolution result, then convolving the scan
image with a second kernel (that corresponds to a second
straight line portion perpendicular to the first straight line
portion) to produce a second convolution result, and then
multiplying the first and second convolution results to pro-
duce a convolution product. The convolution product con-
tains peaks of intensity at locations in the scan image plane
that correspond to crossing points that are formed from line
portions oriented in the same directions as the first and second
straight line portions of the convolution kernels. In particular,
each peak of intensity coincides with the point of intersection
of'the lines forming a crossing point. The processor 10 may be
arranged to detect the locations, in the scan image plane, of
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the centres of these intensity peaks and to register these loca-
tions as the centres of crossing points in the scan image.

The above-described example method, which multiplies
the results of respective convolution processes that use ker-
nels corresponding to perpendicular lines, is particularly fast.
Moreover, this method based on multiplication of the results
of the convolution processes produces strong and accurate
peaks corresponding to the points of intersection in the cross-
ing points and these peaks stand out relative to local noise,
even noise of the degree associated with relatively cheap
scanning devices.

When the processor 10 performs the example method to
determine locations of crossing points in a scan image of a
reference pattern of the types illustrated in FIGS. 3A and 3B,
where each crossing point is formed from line portions that
extend in the page length and page width directions, it may be
expected that the scan image will contain crossing points
formed from line portions that extend in the vertical and
horizontal directions in the plane of the scan image (assuming
that the page bearing the reference pattern travelled past the
scanning unit 8 in the lengthwise or widthwise direction of the
page). Thus, the locations of the crossing points may be found
in the scan image using convolution kernels that correspond
to straight line portions oriented in the vertical and horizontal
directions in the scan image plane.

In a similar way, when the processor 10 performs the
example method to determine locations of crossing points in
a scan image of a reference pattern of the type illustrated in
FIG. 3C, where each crossing point is formed from line por-
tions that extend in the left and right diagonal directions of the
page, it may be expected that the scan image will contain
crossing points formed from line portions that extend in the
left and right diagonal directions (assuming that the page
bearing the reference pattern travelled past the scanning unit
8 in the lengthwise or widthwise direction of the page). Thus,
the locations of the crossing points may be found in the scan
image using convolution kernels that correspond to straight
line portions oriented in the left and right diagonal directions
in the scan image plane.

Now, during the imaging process the page carrying the
reference pattern may have been skewed at an angle relative to
the nominal page orientation. With this issue of skew in mind,
the processor 10 may be arranged to compute plural convo-
Iution products for a given scan image, and in the computation
of each convolution product the processor may employ ker-
nels that correspond to first and second straight line portions
that are in a slightly different orientation in the scan image
plane as compared to the orientations used in the computa-
tions of the other convolution products (whilst still being
perpendicular to each other). The processor 10 may then be
arranged to identify which of the convolution products con-
tains peaks of maximum intensity (that is, peaks of intensity
greater than that of peaks in the other convolution products).
The identified convolution product should correspond to the
case where the orientations of the straight line portions of the
convolution kernels best match with the orientations of the
lines forming the crossing points in the scan image and, thus,
the orientation of the straight line portions in these convolu-
tion kernels provides the processor 10 with information
regarding the likely skew angle of the page bearing the refer-
ence pattern as that page was transported relative to the scan-
ning unit 8.

In a case where the processor 10 is arranged to compute
plural convolution products for a given scan image, the ker-
nels used in the different computations may correspond to
different orientations of the cross-shaped mask, one orienta-
tion corresponding to the orientation of crossing points in the
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scan image assuming that the imaged page was in the nominal
orientation during imaging, and other orientations of the
mask corresponding to a range of skew angles on either side
of'the nominal page orientation (e.g. covering a skew of £2.5
degrees either side of the nominal page direction, for example
in steps of 0.5 degrees).

In a case where the processor 10 is arranged to compute
plural convolution products for a given scan image, and to
identify the convolution product that has maximum intensity
peaks, the processor 10 may be arranged not only to deter-
mine page skew based on the identified maximum-peak-in-
tensity convolution product but also to identify the locations
of crossing points in the scan image by processing the iden-
tified maximum-peak-intensity convolution product prefer-
entially rather than processing other convolution products.
This improves the accuracy of the crossing-point locations
determined by the professor 10.

The specific example method for determining locations of
crossing points according to FIG. 5 will now be described. In
this specific example the processor 10 is arranged to compute
plural convolution products for a given scan image produced
by imaging a reference pattern. In step S501 of the FIG. 5 the
processor 10 sets an angle o to an initial value that is desig-
nated here as o, and sets a counting variable k to 0. In step
S502 of this example the processor 10 performs a convolution
between the scan image data and a kernel that corresponds to
aline segment oriented at angle o relative to the vertical in the
scan image, producing a result designated CIvk. In step S503
of this example method the processor 10 next performs a
convolution between the scan image data and a kernel that
corresponds to aline segment oriented at angle c.+90° relative
to the vertical in the scan image, producing a result designated
Clhk. It will be understood that the line segments used in the
convolutions of steps S502 and S503 are perpendicular to
each other. In step S504 of the example method the processor
10 multiplies together the results of the convolution processes
of steps S502 and S503 to give a product designated Pk.

Next, in step S505 of FIG. 5 the processor 10 checks
whether the counting variable k has reached a predetermined
maximum value k, . If the counting variable k has not yet
reached the maximum value then the processor increments
the counting variable k by 1 and increases angle o by an
increment 0 (step S506 of FIG. 5) then repeats the steps S502
to S505. It will be understood that the incrementing of the
count variable k allows the orientation of the line segment
used in the convolution process of step S502 to be gradually
shifted from o, to o, +(dxk,,,.), in steps of 3 degrees. Like-
wise, the orientation of the line segment used in the convolu-
tion process of step S503 gradually shifts from (a,,+90°) to
(0o +(0%K,, . )+90°), in steps of 3 degrees. The values of o, &
and k,,,,,. may be chosen to ensure that convolution products
are computed using kernels that correspond to a cross-shaped
mask oriented according to the nominal orientation of the
scanned page as well as using kernels that correspond to page
orientations covering a range of values either side of the
nominal orientation.

If in step S505 of the FIG. 5 method the processor 10
determines that the counting variable k has reached the pre-
determined maximum value k, . then the processor 10
executes processing to locate the maximum intensity peaks in
the various convolution products that have been computed
(step S507 in FIG. 5). To do this, the processor 10 finds, for
each pixel location in the scan image plane, the maximum
value of signal intensity at this location out of any of the
convolution products. This amounts to generating a synthetic
image with the intensity value of each pixel of the synthetic
image set to the maximum value observed at this pixel loca-
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tion in any of the convolution products. The processor 10 then
proceeds to determine the locations of crossing points in the
scan image by determining the centres of the intensity peaks
in the synthetic image. Various techniques may be used for
determining the locations of the centres of the intensity peaks
in the synthetic image.

Steps S508 and S509 of FIG. 5 illustrate one example of a
technique that may be used for determining the locations of
the centres of the intensity peaks in the synthetic image. In
step S508 the processor 10 converts the two-dimensional
synthetic image data into a binary image, i.e. an image in
which each pixel takes one of only two values (corresponding
either to black or white). A convenient technique for perform-
ing the conversion to a binary image consists in defining a
local threshold value and assigning black or white values to
pixels of the synthetic image depending on whether or not
their value exceeds the local threshold value (step S508 in
FIG. 5). In the present example, for a pixel at a given location
in the synthetic image, the threshold value 6 may be set to
correspond to:

0=p+20

where L is the mean value taken by the pixels in a small area
local to the subject pixel, and o is the standard deviation of the
values taken by the pixels in this small area local to the subject
pixel. This amounts to searching in the synthetic image for
local maxima. In the present example, a pixel in the synthetic
image is converted to a white pixel in the binary image if the
intensity of this pixel in the synthetic image is greater than 0,
otherwise the pixel is converted to a black pixel in the binary
image. The binary image produced by this technique contains
regions where white pixels are connected together in blob-
shaped regions, on a black background. In the method accord-
ing to the present example, where the binary image contains
blob-shaped regions where white pixels are connected
together, a list of the connected pixels can be generated in a
simple manner by making use of a function designated “bwla-
bel” provided in the numerical programming environment
MATLAB developed by The MathWorks Inc.

In step S509 of FIG. 5, the processor 10 determines the
positions of local centres of gravity of the different con-
nected-white-pixel regions in the binary image, and labels the
position of each centre of gravity as the position of a respec-
tive crossing point in the scan image.

The example crossing point location technique illustrated
by FIG. 5 makes it possible to determine to sub-pixel preci-
sion the locations of crossing points in the scan image plane.
Other crossing-point detection methods may be used to
implement step S402 of FIG. 4. For example a variant of the
FIG. 5 method could be used in which the synthetic image is
not converted to a binary image before detection of the centre-
points of the intensity peaks. However, a variant of that kind
would not detect crossing point locations with sub-pixel accu-
racy.

At the end of execution of the example method illustrated
by FIG. 5, the processor 10 has data identifying the locations
in the scan image plane of a number of crossing points.
However, the processor 10 does not yet know how these
crossing points in the scan image relate to the individual
crossing points in the reference pattern. According to the
example page-velocity estimation method of FIG. 4, the pro-
cessor 10 performs a matching process to determine one-to-
one relationships between crossing points identified in the
scan image and crossing points present in the reference pat-
tern that has been imaged to produce the scan image. A digital
representation of the reference pattern is available to the
processor 10
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One example of a method for matching crossing points in
the scan image to crossing points in the reference pattern will
now be described with reference to FIG. 6. In this example
method the processor 10 implements a recursive search pro-
cedure in which a crossing point C(n,m) in the scan image that
has already been matched to a crossing point (n,m) in the
reference pattern serves as a jumping off point for defining a
search region in the scan image where the processor will look
for a neighbouring crossing point, notably where the proces-
sor will look for a crossing point corresponding to (n+1,m) or
(n,m+1) in the reference pattern. In this example it is assumed
that the page bearing the reference pattern was supposed to
move in the page-length direction relative to the sensing unit
during the imaging process.

According to the example method illustrated in FIG. 6, in
a first step S601 the processor 10 locates, in the scan image,
the crossing point that is located closest to the top left-hand
corner of the scan image plane. This crossing point shall be
designated C(0,0). The processor is configured to assume that
crossing point C(0,0) in the scan image is an image of a
crossing point (0,0) that is located at the top left-hand corner
in the reference pattern. Thus, in step S602 of the FIG. 6
method the processor registers crossing point C(0,0) in the
scan image as a match to crossing point (0,0) in the reference
pattern.

It is to be understood that the choice of a crossing point
location at the top left-hand corner of the scan image is
non-limiting; a different start point could be chosen for the
recursive search procedure as long as the selected start point
enables a crossing point in the scan image to be matched
unambiguously to a crossing point in the reference pattern.
Thus, for example, the recursive search procedure could start
by matching the crossing point closest to the top-right corner,
bottom-left corner or bottom-right corner of the scan image to
the crossing point in the corresponding corner of the refer-
ence pattern. In the example of FIG. 6 the start point for the
recursive matching procedure is the top-left corner of the
image and the crossing point at this location in the reference
pattern is designated (0,0). In this example, each crossing
point in the reference pattern may be identified by coordinates
(n,m) where n is an index that increases in the direction from
left to right across the page and m is an index that increases in
the direction from top to bottom of the page. A crossing point
in the scan image that has been matched to the crossing point
(n,m) in the reference pattern shall be designated C(n,m).

Returning to the example illustrated in FIG. 6, in step S603
the processor 10 sets coordinates (n,m) to the value (1,0); this
defines a crossing point (1,0) in the reference pattern as a
target for which the processor 10 will now look for a match in
the scan image. It will be noted that the crossing point (1,0) in
the reference pattern, which is the next target for matching, is
one of the nearest neighbours of the crossing point (0,0) in the
reference image which was matched in the preceding step of
the method.

In step S604 of FIG. 6 the processor 10 predicts the loca-
tion of a crossing point C(1,0) in the scan image that should
correspond to the target crossing point (1,0) in the reference
pattern. The predicted position of C(1,0) in the scan image
plane is computed based on the location of the crossing point
C(0,0) in the scan image plane and the known spacing
between crossing points in the reference pattern. However,
distortion in the scan image (due to factors such as page-
velocity deviations and skew of the substrate) means that the
image of crossing point (1,0) of the reference pattern may
well not occur at the predicted location in the scan image
plane. Accordingly, in step S605 the processor defines a
search region centred on the predicted position of C(1,0) and
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checks whether any of the crossing points that have been
identified in the scan image occur within this search region. In
this example, assuming that neighbouring crossing points in
the reference pattern are spaced apart by a distance d,, in the
direction of increasing n value and are spaced apart by a
distance d,,in the direction of increasing m value, the size of
the search region is d,, by d,,, centred on the predicted loca-
tion of C(1,0).

If, in step S605, the processor 10 determines that the search
region contains one of the crossing points that has been
detected in the scan image then this crossing point in the scan
image is registered as C(1,0), i.e. it is matched to the crossing
point (1,0) in the reference pattern. On the other hand, if no
crossing point is found in the search region of the scan image
then no match is assigned to the crossing point C(1,0) of the
reference pattern. If more than one crossing point is detected
in the scan image within the search region then any suitable
algorithm may be employed to select one of these crossing
points to match to the target crossing point in the reference
pattern. For example, the crossing point closest to the centre
of the search region may be selected.

The processor moves onto check, in step S607, whether the
value of n has reached a maximum value n,,, , i.e. the pro-
cessor checks whether the matching process has reached the
right-hand edge of the page/image.

If the processor finds in step S607 that n=n,,, then the
value ofnis increased by one in step S608 and the flow returns
to step S604 so that the processor can search for a crossing
point in the scan image that matches to the next crossing point
to the right. On the other hand, if the processor finds in step
S607 that n has reachedn,,,, then a check is made in step S609
whether the value of m has reached a maximum value m,,, .,
i.e. the processor checks whether the matching process has
reached the bottom of the page/image.

If the processor finds in step S609 that m=m ,, then the
value of m is increased by one in step S610—so that the
processor can search for a crossing point in the scan image
that matches to a crossing point in the next row down the
reference pattern—and the value of n is re-set to 0 so that the
processor will search for a crossing point in the scan image
that matches to the left-hand crossing point in this next row
down the reference pattern.

The processor continues implementing the loops S604-
S609 via S608 and S610 to perform the recursive search
process systematically searching for crossing points in the
scan image that match to the crossing points positioned left-
to-right in the rows of the reference pattern and in the different
rows from top-to-bottom of the reference pattern. (The search
directions may be modified if the start point of the matching
process is not the top left-hand corner.) After the processor 10
has searched for a match for crossing point (n,,,,,,,11,,,,.) of the
reference pattern the results of steps S607 and S609 of FIG. 6
will both be “yes” and the matching process comes to an end.
By this time the processor has generated a list of crossing
points in the scan image that match to respective specific
crossing points in the reference pattern.

It has been found that the matching technique of FIG. 6
enables crossing points in the scan image to be reliably
matched to crossing points in the reference pattern even in
cases where the substrate bearing the reference pattern was
skewed, during the imaging process, by skew angles ofup to
40° relative to the nominal direction.

The differences between the location of a given crossing
point in the reference pattern and the location of the matched
crossing point in the scan image can arise due to various
deviations of the page velocity from the nominal setting dur-
ing the imaging process. In particular, the page may have
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undergone translational motion in one or both of orthogonal x
and y directions, it may have undergone a rotation around a
rotation centre (X,,y,), and it may have started out skewed
relative to the nominal page orientation. Moreover, the direc-
tion and magnitude of page velocity may vary in a dynamic
manner as the imaging process progresses.

The differences between the locations of crossing points in
the scan image plane and the locations of the matched cross-
ing points in the reference pattern plane encode information
regarding how the page velocity has varied during the imag-
ing process. Now, by applying the methods described above
the locations of the crossing points in the scan image accord-
ing to the coordinate system of the scan image plane can be
determined, and the locations of the crossing points in the
reference pattern according to the coordinate system of the
reference pattern are already known (from the digital repre-
sentation of the reference pattern). Accordingly, by suitable
processing the processor 10 can extract information regard-
ing how the page velocity has varied during the imaging
process from the relationships between the locations of cross-
ing points in the scan image plane and the locations of the
matched crossing points in the reference pattern plane.

An example of how the processor 10 may determine rela-
tionships between pixels in the scan image and points in the
reference pattern that were imaged to generate the points in
the scan image, implementing step S404 of FIG. 4, shall now
be described. In the present example the processor 10 is
arranged to calculate non-linear transformation parameters
relating the crossing points’ locations in the scan image to
their locations in the reference pattern. The non-linear trans-
formation parameters are calculated making use of the rela-
tive spatial positions of the matched crossing points in the
scanned and reference images.

A displacement between a given crossing point in the ref-
erence pattern and the matched crossing point in the scan
image can arise from a combination of different translational
and rotational movements. For example, a point (y,Xx) in the
reference pattern may be shifted to a location (y'.x') in the
scan image by either of the following:

a first rotation of the page around a centre of rotation (a,b)

by a first angle, or

a translation of the page in a first direction, followed by a

different rotation of the page around a centre of rotation
(c,d).
Moreover, in principle a movement caused by a translation
followed by a rotation does not produce the same displace-
ment as a rotation followed by a translation. Accordingly, a
strategy is needed in order to be able to disentangle rotational
and translational movements of the page.

According to an example of a computation procedure
employed in the invention, the calculations applied by the
processor 10 are based on certain assumptions. Firstly, it is
assumed that for small areas in the reference pattern and scan
image:

all the points in the small area are imaged at approximately

the same time so that the displacement of a point in this
small area that results from a translation followed by a
rotation is approximately the same as the displacement
the point experiences resulting from a rotation followed
by a translation,

the orientation angle of the page is constant when the small

area is imaged (i.e. any rotation of the page during imag-
ing of the small area is a rotation through a small angle,
such that the sine of the angle approximates to the angle
itself and the cosine of the angle approximates to 1),
points in the small area that are at different positions in the
x-direction (perpendicular to the nominal direction of
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page advance) are sufficiently close together that they
are imaged by the in-line sensing unit 8 during a com-
mon detection interval and, thus, the page velocity is the
same when all these points were imaged,
points in the small area that are at different positions in the
y-direction (parallel to the nominal direction of page
advance) are sufficiently close together that they are
imaged by the in-line sensing unit 8 during detection
intervals that are close together in time and, thus, the
page velocity is approximately the same when all these
points were imaged, and thus
it can be assumed that the page velocity is constant during
imaging of the small area.
Secondly, it is assumed that displacement of the page P is
displacement of a rigid body, i.e. it is assumed that the dimen-
sions of the page do not change during the imaging process
(any potential folding or kinking of the page is disregarded).
The foregoing assumptions give rise to relations (1) and (2)
indicating how the coordinates (x',y") of a point in the refer-
ence pattern relate to the coordinates (x,y) of the image of that
point in the scan image plane:

M

Y'EVHE=x0) WOV 1y,

@

where the point in question is imaged at a time t, (X,,y,) are
the coordinates in the scan image plane of the centre of
rotation of rotational movement at time t, w is the page’s
rotational velocity at time t, v, is the page’s translational
velocity in the y direction at time t, v, is the page’s transla-
tional velocity in the x direction at time t,, X,. is the shift in the
x-direction of the point’s position between the reference pat-
tern and the scan image, y,. is the shift in the y-direction of the
point’s position between the reference pattern and the scan
image, and © is the rotational angle, that is the angle of the
page at time t (relative to the nominal page orientation).

The processor is arranged to generate the scan image by
positioning a line of image data generated by the sensing unit
8 at a y-coordinate in the scan image plane that is proportional
to the time t at which this line of data was detected, i.e. t=yc,
where c is a proportionality constant related to the nominal
magnitude of page velocity (assuming y corresponds to the
nominal direction of page advance).

Thus, the variable t in relations (1) and (2) can be replaced
by cy, so relations (1) and (2) may be transformed to relations
(3) and (4) below:

X'=(y=yo) (~Wwt-B)+x+v,1+x,,

V'EHE-X) D+ (=X )wyc+y,yety, 3)

Q)

Grouping together the terms in relations (3) and (4) that
relate to the parameters x and y, relations (3) and (4) can be
rewritten as relations (5) and (6) below

F=(p=yo) D)+ (-yo) (- wycatvyex,

y'=ewym+(1-cwxgrev, )y+Ox+(@xo+y,) (5)

Q)

and using symbols al to a8 to replace the coefficients of the
different terms in relations (5) and (6), relations (5) and (6)
can be rewritten as relations (7) and (8) below:

X'=— WP+~ DBy AWy VA +H DY +x,)

y'=alyx+a2y+a3x+ad (7

®)

Now, when the processor 10 has a list of n matched cross-
ing points in the scan image plane and in the reference pattern
the coordinates of these crossing points in the scan image
plane may be deSignated (Xlsyl)s (X25y2)s (XssY3)s RS (anyn)s

x'=a5y*+aby+aTx+a8
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and the coordinates of the matched crossing points in the
reference pattern plane may be designated (x';,y";), (x',.¥'5),
(X'5,¥'5)s - - - (X',,¥",)- Substituting the coordinate values of
the matched crossing points into relations (7) and (8) yields
relations (9) and (10) below:

Ay XYy XYz XY, (&)
Ghe oo Vs oo o) =(alaz a3 asf °1 2

X1 X2 X3 e Xn

1 1 1 1

o v 10
(X1, X5, x5, ..., x,) = (a5 a6 a7 a8) JE2Ys e dn

X X2 X3 ... X,

1 1 1 1

However, a comparison of relations (5) and (7) above with
relations (6) and (8) shows that al=-a5. Taking this fact into
account, relations (9) and (10) can be combined into relation
(11) below.

(V1o Yoo Yaevr s Vi X1s X5, X500, X)) = (al a2 a6 a3 a7 a4 a8) an

2

Wy Wy W, ¥ =¥ - -
R G ST VS 0 0 ... 0
0o 0 0 ...0 ¥y y2 y3 e Vn
X x X3 ...x, 0 0 0 .0
0 0 0 .0 x X2 X3 e Xy
1 1 1 .1 0 0 0 ... 0
0o 0o 0 ..0 1 1 1 1

Comparison ofrelations (6) and (8) shows thata7=1. Using
this fact, relation (11) above can be simplified to relation (12)
below:

o ) ’ ’ ’
(V1> Y25 Y3+ > Yoo X1 — X1, Xg — X, X3 = X300 5 Xy — Xp) = 12

(al a2 a6 a3 a4 aB)

BT R T M T R

yI Y2 Y3 ..V O 0 0 ... 0

0o 0 0 ...0 ¥y y2 y3 e Yn

X X X3 x, 0 0 0 0
11 .1 0 0 0 0

0 0 0 .0 1 1 1

Now, when the relationship Q=RS is true for three matrices
Q, R and S, then the following relationships are also true:

OST=RSST and OsT(sSTy"'=R

where S” is the transform of matrix S and (SSY)™' is the
inverse of (SS). Thus, the matrix R can be found by comput-
ing QST (SST)~L. If the matrix to the left of the equals sign in
relation (12) takes the place of matrix Q above, the matrix of
coefficients (al a2 a6 a3 a4 a8) in relation (12) takes the place
of matrix R above, and the second matrix to the right of the
equals sign in relation (12) takes the place of matrix S above,
itwill be seen that the matrix of coefficients (al a2 a6 a3 a4 a8)
can be determined by computing QS” (887)~*.

Accordingly, the processor may determine the values of the
coefficients (al a2 a6 a3 a4 a8) by implementing the compu-
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tation mentioned in the preceding paragraph using the coor-
dinates (X,.¥,), K2.¥2) (X3.¥3), - - -+ (X,¥,), and (X'Ly'),

(X'5,¥'5), (X'5,¥'5), of the matched crossing points in the scan
image and in the reference pattern. However, the values of the
coefficients (al a2 a6 a3 a4 a8) change with page velocity.
Thus the values of the coefficients (al a2 a6 a3 a4 a8) may be
different for pixel locations that are imaged at different times
(i.e. at times when different page velocity values apply).
Accordingly, to obtain results of good accuracy, different
values of this set of coefficients may be computed for differ-
ent small regions in the reference pattern, i.e. small regions
for which it may be assumed that page velocity is constant. In
such a case the computation uses coordinates of crossing
points that are in the relevant small area of the reference
pattern (or which define corners of the small region) as well as
the coordinates of their matched crossing points in the scan
image. For example, for high precision the computation may
use coordinates of four crossing points in the reference pat-
tern that define corners of a minimum-size quadrilateral in the
reference pattern.

When the processor 10 can compute values for the coeffi-
cients (al a2 a6 a3 a4 a8) then, bearing in mind that al=-a5
and a7=1, the processor would then have values of all the
coefficients needed to be able to transform coordinates (x,y)
in the scan image plane to coordinates (x',y') in the reference
pattern plane using relations (7) and (8) above.

The processor 10 may determine the inverse transforma-
tions needed to transform the coordinates (x',y") of points in
the reference pattern plane to coordinates (x,y) of correspond-
ing points in the scan image plane, as follows.

Relation (7) above can be rewritten as relation (13) below:

13)

and relation (8) above may be rewritten as relation (14)
below:

alyx+a2y-y'+a3x+ad=0

X' —aSy* — a6y — a8 (14)
X= —~ -

al

Substituting the right-hand side of relation (14) for parameter
X in relation (13) yields relation (15) below:

al , ala5 ; ala6 , ala8 (15)
ﬁyx T a r- al r al y+azy-

, d3 , a3a5 , d3ab a3al

y+ﬁx— a’ T e T Ta ta4=0

and this may be rewritten as relation (16) below:

ala5y 5 (d3e5 alaby , (16)
(a7]y+(a7+a7]y+
al , ala8 a3ab ) , a3, a3a8 Ao
(—ﬁx+ 77 + o7 —a)y+(y—ﬁx+ =7 +a]_

In practice the coefficient of the y* term in relation (16) is
very close to zero in value so the third order term can be
ignored, producing relation (17) below:

an

( a3as

N a1a6] 2,
al Y

al
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-continued
a3 a3a8

ala8  a3ab o)yl -
~afp{y -G + G

al , N N
(_ ﬁx al al

+a4]:0

which is a quadratic equation. Solving this quadratic equation
for y yields relation (18) below:

(18)

where

A _(a3a5 N
a7

B al , ala8 a3a6 ”
_(_ﬁx+ al + al —a]

a1a6]
al

and

a3 ,  a3a8

a7x * al

C:(y’—

+ a4)

When the processor 10 can determine values for the coef-
ficients al to a8 using the coordinates of matched crossing
points as described above, the processor 10 can perform
transformations from coordinates (x',y') in the reference pat-
tern to coordinates in the scan image (x,y) using the coeffi-
cient values and using relations (18) and (14) above. More-
over, the (x,y) coordinates in the scan image that corresponds
to given (X\y") coordinates in the reference pattern can be
determined to sub-pixel accuracy.

When the processor 10 has determined transformations
that enable it to convert between coordinates of points in the
scan image and reference pattern the processor can estimate
page velocity during the imaging process by any convenient
technique. One example of a technique for estimating page
velocity using the transformations will now be described with
reference to FIG. 7.

In step S701 of FIG. 7, the processor identifies positions of
points in the reference pattern that correspond to equal scan
time lines (in other words, points in the reference pattern that
were imaged at the same time). In step S702 of FIG. 7, the
processor then computes estimates of page velocity based on
the positions of pixels in the reference pattern that were
imaged at the same time, and based on knowledge of the time
when those pixels were imaged.

In the scan image, pixels that have the same y-coordinate
value were scanned at the same detection time (in a case
where the page-transport direction corresponds to the y-di-
rection in the scan image). Thus, in principle the positions
(x',y") in the reference pattern that correspond to equal scan-
time lines may be identified by using relations (7) and (8)
above to compute the positions in the reference image that
correspond to coordinates of pixels in the scan image that
have the same y-coordinate value. However, if the same val-
ues of the coefficients (al a2 a6 a3 a4 a®) are used when
applying relations (7) and (8) to compute the reference pat-
tern pixels which correspond to all the pixels having the same
y-coordinate value in the scan image good accuracy of the
results will not be assured.

One technique for finding, to sub-pixel accuracy, the posi-
tions in the reference pattern that correspond to equal scan-
time lines is, as follows:

The processor 10 builds two double grey level images
according to location (y and x) found in the previous
stage. In each of these images the color corresponds to
pixel location in the scan image.
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The processor extracts sets of constant-y lines’ coordinates
(equal scan-time lines).

For each of the equal scan-time lines, the processor finds—
on the two double grey-level images—the set of pixels
having the closest grey level to the line coordinate (y and
X).

Using bilinear interpolation, the processor finds the loca-
tions (to sub-pixel precision) of points in the reference
pattern that correspond to equal scan-time lines.

One example method will now be described by which the
processor may build the two double grey level images, i.e. a
first grey-level image X in which grey level values represent
y-coordinate values in the scan image, and a second grey-
level image Y in which grey levels represent x-coordinate
values in the scan image.

To calculate the grey level of a pixel at location (i,j) in x and
the grey level of a pixel at location (i,j) in Y:

Identify a set CP, J)Ref of the crossing points in the refer-
ence pattern that are close to the location (x',y")=(i,))

Find the set CP,, J)Sc“"i’"“ge of the crossing points in the
scan image that are matched to the crossing points in set
CP .

Compute values V; ,, for the coefficients (al to a4, a6 and
a8) by computing a matrix of the form QS*(SS”)™* as dis-
cussed above and the coordinates of the matched crossing
points in set CP, ;% and set CP, ;5"

Using the values V, , for the coefficients (al to a4, a6 and
a8), using a5=-al, using a7=1, and using the reference-im-
age-plane coordinates (x',y")=(i,j) use relations (14) and (18)
above to compute x and y coordinate values.

Set the grey level of the pixel at location (i,j) in grey level
image X dependent on the magnitude of the y coordinate
value computed in the foregoing step, and set the grey level of
the pixel at location (i,j) in grey level image Y dependent on
the magnitude of the x coordinate value computed in the
foregoing step.

Repeat the above-described steps for all possible pixel
locations (i,j), that is, for i values sufficient to cover the whole
width of the page bearing the reference pattern and forj values
sufficient to cover the whole length of the original page bear-
ing the reference pattern.

FIGS. 8A and 8B illustrate how the processor finds—on
the two double grey-level images—the set of pixels having
the closest grey level to the line coordinate (y and x).

For a given pixel (x,,y,) in the scan image (notably a pixel
that is on a target equal-scan-time line), the processor 10
searches for a common pixel location (i,j) in the Y and X
grey-level images where the grey levels, in the respective
grey-level images, are as close as possible to the coordinate
values (x,,y,.). To do this, the processor 10 predicts a location
PV in the Y image where it might be expected that the grey
level will correspond to x,.and predicts a location PW in the X
image where it might be expected that the grey level will
correspond toy, (in one example PV and PW may be set equal
1o (X,.y,)). The grey levels at the predicted points PV, PW may
not, after all, be the values that correspond to x, and y, so, in
each of the grey-level images, a search is performed in a
search region around the predicted point, looking in the two
images for a common pixel location where the grey levels are
as close as possible to x,.and y,. The location of this common
pixel corresponds—to the nearest pixel—to the pixel location
(x,,y,) inthe reference image that gave rise to the pixel (x,,y,)
in the scan image.

When it is desired to find the pixel location (x,'.y,") in the
reference image that gave rise to the pixel (x,,y,) in the scan
image to sub-pixel accuracy the method illustrated in FIG. 9
may be used. FIG. 9 illustrates how the processor uses bilin-
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ear interpolation, using the neighbours of the common pixel
found by the method of FIGS. 8A and 8B, to find the locations
(to sub-pixel precision) of points in the reference pattern that
correspond to the equal scan-time lines. The formulae used in
the bilinear interpolation are shown in FIG. 9.

When the processor 10 has found points in the reference
pattern that correspond to equal scan time lines, the processor
10 may compute values for page velocity from the equal scan
time line data (step S702 in FIG. 7). The computed velocity
values may include values v, corresponding to translational
velocity in the x direction, values v, corresponding to trans-
lational velocity in the y direction, and values w correspond-
ing to rotational velocity in the plane of the page. The pro-
cessor 10 may compute plural sets of velocity values for the
page, and each set of velocity values may relate to a short time
interval during the imaging of the reference pattern, for
example a time interval between two successive detection
periods (i.e. a time interval between generation of two suc-
cessive line images by the in-line scanning unit 8).

One example of a method by which the processor 10 may
compute values for page velocity from the equal scan time
line data in step S702 in FIG. 7 shall now be described.

The coordinates of points on equal scan-time lines in the
scan image can be transformed to coordinates of correspond-
ing points on equal scan-time lines in the reference pattern
according to relations (19) and (20) below:

Y'EVHE=X)(Q+wAD+Y Aty (19)

X'=(y-yo)(~D-wA)+x+v,At+x, (20)

where At corresponds to the interval between the scan times
of'two equal-scan-time lines in the scan image (which may be
separated from each other by one or more than one lines in the
scan image). It will be seen that relations (19) and (20)
resemble relations (3) and (4) above. Coordinate data relating
to the whole of an equal scan time line can be transformed
according to relations (21) and (22) below:

yioy2 yio.. (21

Yn
OL YL Y5y =(ay by o)l X1 2 X3 Xy
11 1 1

where a,=1, b, =(@+wAt), and ¢, =v, At+y —x,(D+wWAt) and

X Xy X3 ... (22)
(X5, X5 o X)) =(ac by )l Y1 Y2 Y3 o Y

11 1 ... 1

xn

where a, =1, b,=—(J+wAt), and ¢, =v, At+X_+y,(D+wWAt)
Relations (21) and (22) may be combined to form relation
(23) below:

L=V Ya=ynY5=93 o s 23)
Vo= Vs X| = X1y Xy = X3y Xy = X3 ey Xy = Xp) =
X X2 X3 Xy TV TY2 TY3 .. T Wn
(byeyed)l 1 1 .1 0 0 0 .0
0 0 0 ..0 1 1 1 1

As mentioned above, when the relationship Q=RS is true
for three matrices Q, R and S, the relationships QS’=
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RSS7and QS7(SST)~'=R are also true. If the matrix to the left
of'the equals sign in relation (23) takes the place of matrix Q
above, the matrix of coefficients (b, c, c,) in relation (23)
takes the place of matrix R above, and the second matrix to the
right of the equals sign in relation (23) takes the place of
matrix S above, it will be seen that the matrix of coefficients
(b, ¢, c,) can be determined by computing QS” (SS7)™".
Letus designate as (b, 1, ¢, C,;) a first set of values for the
coeflicients (b, ¢, c,) that depends on coordinate data relating
to an equal scan-time line relating to the scan time t=T, and let
us designate as (b, ap Cy7an Cxrva,) @ second set of values
for the coefficients (b, ¢, c,) that depends on coordinate data
relating to an equal scan-time line relating to the scan time
t=T+At (where At is small so that the assumptions relating to
small areas discussed above apply: for example the scan times
t=T and t=T+At may be successive detection times when the
in-line sensing unit 8 images the page, or scan times with a
short interval between them). Differences between the first
and second sets of values for the coefficients (b, c, c,) may be

expressed using relations (24) to (26) below:
b a=b, (@ +WAD~(O+0w)=wA? (24)
Cy e A Cy = VyAI+Y ~Xo(D+WAD~ (v, 04y ~Xo(D+w0)
=V, At=xowAt (25)
Coni=Cur= Ve AHX 4V (D+WAL) - (v, 04x 4y o (D+W0)
=V, At+yowAt (26)

It will be seen that page velocity values v,, v, and w appear in
the results. These are estimates of velocity values applicable
during the interval from t=T to t=T+At (which may be the
interval between successive scan times or a somewhat longer
interval).

The result data may be smoothed as illustrated in FIG. 10
using Savitzky-Golay convolution and based on assumptions
that, in a short time, v, and v, are constant, and x, and y, are
constant, and any acceleration derives from change in the
rotational velocity w. Vx and v, are calculated according to
the neighbour scan time lines found as discussed above. Local
calculations are used for each area, computing QS”(SS)! as
described. FIG. 10 shows relations that derive from the
assumption of constant velocity over a small area in the image
(in which the w values are extracted from processing of pre-
vious stages described above), and relations that derive from
the assumption of constant acceleration over a small area. In
these relations, v,' is the x “velocity” calculated at the previ-
ous stage (V',;=y,W,+v,) and v,/ is the y “velocity” calcu-
lated at the previous stage (v, =X, W, +v,).

The processor 10 may be configured to use the above
example method to estimate plural sets of page velocity val-
ues v,, v,, and w, each set of values being applicable during a
different time interval occurring during the imaging process.
If these time intervals are spaced regularly over the imaging
period then the processor generates page velocity data that
represents a profile of how the page velocity varied during the
imaging process.

When the processor 10 is arranged to compute sets of
velocity estimates for a large number of time intervals during
the imaging process this has the advantage of providing
detailed data regarding the characteristics of the relative
motion between the page and the in-line sensing unit during
the imaging process. Detailed data of this kind makes it easier
to make a precise diagnosis of problems affecting the mecha-
nisms producing the relative displacement between the sub-
strate and the sensing unit. In a similar way, detailed data of
this kind enables the processor to identify with greater preci-
sion regions in the scan image that were generated at times
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when the page velocity was stable and/or when the page
velocity was at or close to the nominal setting.

When the processor 10 is arranged to compute sets of
velocity estimates for a small number of time intervals during
the imaging process this has the advantage of reducing the
computational load on the processor 10.

Devices which have the function of estimating how the
velocity of a substrate varies during the relative displacement
between the substrate and an image sensing unit that images
the substrate can implement various remedial measures. For
example, the estimated velocity values can be used to diag-
nose and/or correct problems in a mechanism which trans-
ports the substrate relative to the sensing unit or which trans-
ports the sensing unit relative to the substrate. As another
example, the estimated velocity values may enable a proces-
sor associated with the scanning unit to identify regions in the
scan image where the relative velocity of displacement
between the substrate and the sensing unit is stable and/or
close to a nominal direction and magnitude. Such regions
may then be used by the processor in preference to other
regions when the processor performs functions such as cali-
bration that involve processing of scan image data.

An example of a printing device 1 according to the inven-
tion is illustrated in a schematic manner in FIG. 1. As men-
tioned above, the printing device 1 according to this example
includes a processor 10. The processor 10 may be arranged to
implement any of the page-velocity estimation methods
described above. The processor may be arranged to perform
the selected page-velocity estimation method by loading an
appropriate application program or routines, for example
from a memory (not shown) associated with the printing
device 1, of from any other convenient source (uploading via
a network, loading from a recording medium, and so on).

The processor 10 of the printing device 1 of FIG. 1 may be
arranged to use page-velocity estimates produced by imple-
menting the above-described page-velocity estimation meth-
ods in a diagnosis method that diagnoses imperfections in the
page transport mechanism 3, 3' that transports pages past the
scanning unit 8. Based on the page velocity estimates, the
processor 10 may diagnose a particular imperfection in the
page transport mechanism 3,3'. The processor 10 may be
arranged to output information about the result of the diag-
nosis, for example so that the information can be logged,
displayed to a user, and so on. The processor 10 may be
arranged to implement remedial action to correct the diag-
nosed imperfection. Some examples of such remedial action
will be given below but it is to be understood that the invention
is not limited to these examples.

For example, the processor 10 may determine, based onthe
page velocity estimates, that there is a periodic variation in the
magnitude of the velocity at which the page transport mecha-
nism 3,3' feeds pages past the scanning unit 8, or there is a
systematic deviation from the nominal magnitude of page
velocity. In such a case, the processor 10 may be arranged to
implement remedial action by appropriate control of a servo
mechanism (not shown) that drives the page transport mecha-
nism 3,3', notably control to adjust the magnitude of the
page-feed speed to counteract the diagnosed periodic varia-
tion or systematic deviation from nominal speed.

As another example, the processor 10 may be arranged to
determine, based on the page velocity estimates, that the page
transport mechanism 3,3' feeds pages past the scanning unit 8
at a skew relative to the nominal page orientation and/or
rotates pages during their passage past the scanning unit 8. In
such a case, the processor 10 may be arranged to implement
remedial action by making an automatic adjustment of the
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positioning/orientation of mechanical components forming
part of the page transport mechanism 3,3".

The processor 10 of the printing device 1 of FIG. 1 may be
arranged to use page-velocity estimates produced by imple-
menting the above-described page-velocity estimation meth-
ods to improve a calibration method performed by the pro-
cessor 10 (or by an associated device). When a calibration
method is based on data obtained from a scan image, the
results of the calibration will be impaired if there is distortion
in the scan image, for example distortion caused by variation
in the substrate velocity relative to the scanning unit during
the imaging process. Accordingly, the processor 10 of the
printing device 1 of FIG. 1 may be arranged to implement a
method to select, for use in a calibration process, regions in a
scan image that were imaged while the velocity of displace-
ment of the substrate relative to the scanning unit was close to
the nominal value, or at least was stable, according to the
page-velocity estimates produced by implementing the
above-described page-velocity estimation methods. The pro-
cessor may use page velocity estimation methods according
to examples of the invention to determine the maximum
image correlation length, that is, the maximum area of the
image where there is no difference between the pattern on the
imaged substrate and the scan image.

An imaging device 101 according to one example of the
invention will now be described with reference to FIG. 11. In
the example of FIG. 11 the imaging device 101 is a flat-bed
scanner, but the invention is not limited to imaging devices of
this type.

In the flat-bed scanner 101 of FIG. 11, a base portion 102 of
the scanner provides a transparent surface 103 for reception
of'a page P to be imaged. A lid portion 104 of the scanner 101
is supported by side portions 104 and can be raised and
lowered to enable pages to be placed on and removed from the
transparent surface 103. The scanner 101 includes an in-line
scanning unit 106 that is mounted for movement in a direction
S from one end of the surface 103 to the other so that it can
image the whole surface of a page P that is present on the
transparent surface 103, and for return in the reverse direc-
tion. The in-line scanning unit 106 carries a light source 108
to provide light to illuminate the surface of the page P facing
the transparent surface 103.

The flat-bed scanner 101 illustrated in FIG. 11 includes a
processor 110 arranged to control the components of the
scanner 101 and to receive scan image data from the sensing
unit 106. The processor 110 ofthe imaging device 101 of FIG.
11 may be arranged to communicate with an external device
C, for example to transmit to C image data generated by the
sensing unit 106. The processor 110 of the imaging device
101 of FIG. 11 may be arranged to implement any of the
page-velocity estimation methods described above. The pro-
cessor 110 may be arranged to perform the selected page-
velocity estimation method by loading an appropriate appli-
cation program or routines, for example from a memory (not
shown) associated with the imaging device 101, of from any
other convenient source (uploading via a network, loading
from a recording medium, and so on).

The processor 110 of the imaging device 101 of FIG. 11
may be arranged to use page-velocity estimates produced by
implementing the above-described page-velocity estimation
methods in diagnosis methods that diagnose imperfections in
a mechanism (not shown) that transports the scanning unit
106 and/or to diagnose imperfections in the functioning of the
scanning unit 106 itself. The processor 110 may be arranged
to implement any suitable remedial action based on the result
of'its diagnosis.
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The processor 110 of the imaging device 101 of FIG. 11
may be arranged to use page-velocity estimates produced by
implementing the above-described page-velocity estimation
methods in calibration methods that calibrate the scanning
unit 106. For example, the processor 110 may be arranged (as
mentioned above in connection with the processor 10 of the
printing device 1) to select particular regions of the scan
image for use in a calibration process: these may be image
regions where the processor 110 has determined there will be
no difference between the scan image and the original pattern
on the substrate.

Although certain examples of methods, printing devices
and imaging devices have been described, it is to be under-
stood that changes and additions may be made to the
described examples within the scope of the appended claims.

For example, although the above description mentions par-
ticular calibration processes, page-velocity estimation meth-
ods according to examples of the invention may be used to
provide page-velocity information for use in other calibration
methods including but not limited to:
calibration of a printing mechanism in a printing device
calibration of a point spread function of a scanner or other
imaging device
calibration of offsets observed between markings that are
printed using different colors but supposed to have a specified
spatial relationship
calibration of the shape and/or size of the point of a laser beam
used in the writing module of a printing device.

What is claimed is:

1. A method of determining relative displacement velocity
between an image sensor and a substrate, the method com-
prising:

causing relative displacement between the image sensor

and the substrate, a reference pattern being marked on
the substrate, the reference pattern comprising plural
crossing points at predetermined locations on the sub-
strate, each crossing point comprising a first line portion
crossing a second line portion;

during the relative displacement of the image sensor and

substrate, generating, by the image sensor, image data
representing the reference pattern;

supplying the image data representing the reference pattern

to a processor;

detecting by the processor, in the image data, locations

corresponding to the crossing points;

determining relationships between the predetermined

locations on the substrate and the detected locations in
the image data;

selecting first and second equal scan-time lines in the

image data, each equal scan-time line including a plu-
rality of points;

computing a plurality of points on the substrate that corre-

spond to the plurality of points in each equal scan-time
line based on the relationships;

calculating first and second sets of values to convert the

plurality of points in the first and second equal scan-time
lines respectively to the corresponding pluralities of
points on the substrate; and

producing an estimate of the velocity of the relative dis-

placement between the image sensor and the substrate
and an estimate of a rotational velocity of the substrate
based on differences between the first set of values and
the second set of values.

2. The method according to claim 1, wherein the first line
portion and the second line portion are perpendicular to each
other.
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3. The method according to claim 2, wherein said detect-
ing, in the image data, of the locations corresponding to the
crossing points comprises:
performing, by the processor, a first convolution of the
image data with a first kernel to produce a first convolu-
tion result, the first kernel corresponding to a first
straight line portion having a first orientation;

performing, by the processor, a second convolution of the
image data with a second kernel to produce a second
convolution result, the second kernel corresponding to a
second straight line portion perpendicular to the first
straight line portion;

performing, by the processor, multiplication of the first

convolution result with the second convolution result to
produce a convolution product;

detecting intensity peaks in the convolution product; and

registering locations of intensity peaks in the convolution

product as the locations of crossing points in said image
data.

4. The method according to claim 3, and further compris-
ing:

repeating the performing steps to produce further convo-

Iution products and using, in the production of the fur-
ther convolution products, further first kernels corre-
sponding to respective straight line portions oriented at
different angles from each other and from the first
straight line portion;

generating a synthetic image by the processor, the intensity

of each pixel in the synthetic image being set to a maxi-
mum intensity value at this pixel location found by the
processor in the convolution product and further convo-
Iution products;

detecting, by the processor, locations of centers of the

intensity peaks in the synthetic image; and

registering, as the locations of crossing points in said image

data, the locations of centers of the intensity peaks in the
synthetic image.
5. The method according to claim 4, and further comprising
binarizing the synthetic image by the processor before said
detecting of the locations of the centers of intensity peaks, the
detecting of the locations of the centers of intensity peaks
comprising detecting locations of the centers of intensity
peaks in the binarized synthetic image, and the registering
comprising registering the locations of the centers of intensity
peaks in the binarized synthetic image as the locations of
crossing points in said data.
6. The method according to claim 1, and further compris-
ing:
matching crossing point locations in the image data to
crossing points in the reference pattern by the processor
performing a recursive search process, the recursive
search process comprising matching a crossing point
location at a reference position in the image data to a
crossing point at a reference position in the reference
pattern and matching further crossing points in the
image data to further crossing points in the reference
pattern by:
computing, for crossing points in the reference pattern,
predicted locations of matching crossing points in the
image data, based on locations in the image data of
crossing points matched to neighbors of the crossing
points in the reference pattern and based on spacings
between crossing points in the reference pattern,

defining a respective search region around each predicted
crossing point location in the image data, and
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matching to a crossing point in the reference pattern a
crossing point in the image data that is located in the
search region defined around the predicted matching
crossing point location.

7. The method according to claim 1, wherein the image
sensor comprises an in-line sensing unit configured to image
lines across the substrate at respective detection times.

8. The method according to claim 7, wherein the produc-
tion of the estimate of the velocity of the relative displacement
between the image sensor and the substrate includes deter-
mining locations in the reference pattern that correspond to
lines of image data generated by the in-line sensing unit at
respective detection times.

9. A printer comprising:

an image sensor; and

a processor to:
cause relative displacement between the image sensor

and a substrate on which is marked a reference pat-
tern, the reference pattern comprising plural crossing
points at predetermined locations on the substrate,
each crossing point comprising a first line portion
crossing a second line portion;
receive, from the image sensor, image data representing
the reference pattern, the image data generated by the
image sensor during the relative displacement of the
image sensor and substrate;
detect, in the image data, locations corresponding to the
crossing points by:
performing a first convolution of the image data with
a first kernel to produce a first convolution result,
the first kernel corresponding to a first straight line
portion having a first orientation,
performing a second convolution of the image data
with a second kernel to produce a second convolu-
tion result, the second kernel corresponding to a
second straight line portion perpendicular to the
first straight line portion,
performing multiplication of the first convolution
result with the second convolution result to produce
a convolution product,
detecting intensity peaks in the convolution product,
and
registering locations of intensity peaks in the convo-
Iution product as the locations of crossing points in
said image data;
determine relationships between the predetermined
locations on the substrate and the detected locations in
the image data; and
produce an estimate of a velocity of the relative displace-
ment between the image sensor and the substrate
using the determined relationships.

10. The printer of claim 9, wherein the first line portion and
the second line portion are perpendicular to each other.

11. A method of determining relative displacement veloc-
ity between an image sensor and a substrate, the method
comprising:

causing relative displacement between the image sensor
and the substrate, a reference pattern being marked on
the substrate, the reference pattern comprising plural
crossing points at predetermined locations on the sub-
strate, each crossing point comprising a first line portion
crossing a second line portion;

during the relative displacement of the image sensor and
substrate,. generating, by the image sensor, image data
representing the reference pattern;

supplying the image data representing the reference pattern
to a processor;
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detecting by the processor, in the image data, locations
corresponding to the crossing points;
determining relationships between the predetermined
locations on the substrate and the detected locations in
the image data, wherein determining the relationships
includes:
matching crossing point locations in the image data to
crossing points in the reference pattern by the proces-
sor performing a recursive search process, the recur-
sive search process comprising matching a crossing
point location at a reference position in the image data
to a crossing point at a reference position in the ref-
erence pattern and matching further crossing points in
the image data to further crossing points in the refer-
ence pattern by:
computing, for crossing points in the reference pattern,
predicted locations of matching crossing points in the
image data, based on locations in the image data of
crossing points matched to neighbors of the crossing
points in the reference pattern and based on spacings
between crossing points in the reference pattern,
defining a respective search region around each pre-
dicted crossing point location in the-image data, and
matching to a crossing point in the reference pattern a
crossing point in the image data that is located in the
search region defined around the predicted matching
crossing point location; and
producing an estimate of the velocity of the relative dis-
placement between the image sensor and the substrate
using the determined relationships.
12. The method of claim 1, further comprising generating
a mapping relating points on the substrate to points in the
image data based on the relationships, wherein computing the
plurality of points on the substrate based on the relationships
comprises computing the plurality of points on the substrate
based on the mapping.
13. The method of claim 12, wherein generating the map-
ping comprises generating first and second mapping, and
wherein a point on the substrate is added to the mapping by:
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selecting a set of the predetermined locations that are near

the point on the substrate to be added;
determining a set of the detected locations in the image data
corresponding to the set of the predetermined locations;

computing a mapping from the substrate to the image data
based on the set of the predetermined location and the set
of the detected locations;

calculating first and second coordinates of a point in the

image data corresponding to the point on the substrate;
and

associating the first coordinate with the point on the sub-

strate in the first mapping and the second coordinate
with the point on the substrate in the second mapping.

14. The method of claim 13, wherein computing the plu-
rality of points in the reference pattern that correspond to the
plurality of points in each equal scan-time line based on the
relationships comprises, for a point in the equal scan-time
lines, traversing the first and second mappings to find a point
on the substrate that maps to coordinates nearest the point in
the equal scan-time lines.

15. The method of claim 1, wherein producing the estimate
of the velocity comprises:

determining the estimate of the rotational velocity of the

substrate based on subtracting a first value in the first set
of values from a first value in the second set of values;
and

determining the estimate of the velocity of the relative

displacement between the image sensor and the sub-
strate based on the rotational velocity and subtracting a
second value in the first set of values from a second value
in the second set of values.

16. The method of claim 1, wherein calculating the first set
of values comprises solving a system of equations in which
the first set of values relate coordinates of the plurality of
points in the first equal scan-time line to differences between
the coordinates of the plurality of points in the first equal
scan-time line and coordinates of the corresponding plurality
of points on the substrate.
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